The physiological control of feeding behavior involves modulation of the intake inhibitory effects of gastrointestinal satiation signaling via endogenous hindbrain leptin receptor (LepR) and glucagon-like-peptide-1 receptor (GLP-1R) activation. DESIGN AND RESULTS: Using a variety of dose-combinations of hindbrain delivered (4th intracerebroventricular; i.c.v.) leptin and the GLP-1R agonist exendin-4, experiments demonstrate that hindbrain LepR and GLP-1R signaling interact to control food intake and body weight in an additive manner. In addition, the maximum intake suppressive response that could be achieved by 4th i.c.v. leptin alone in non-obese rats (B33%) was shown to be further suppressed when exendin-4 was co-administered. Importantly, it was determined that the interaction between hindbrain LepR signaling and GLP-1R signaling is relevant to endogenous food intake control, as hindbrain GLP-1R blockade by the selective antagonist exendin-(9-39) attenuated the intake inhibitory effects of hindbrain leptin delivery. CONCLUSIONS: Collectively, the findings reported here show that hindbrain LepR and GLP-1R activation interact in at least an additive manner to control food intake and body weight. As evidence is accumulating that combination pharmacotherapies offer greater sustained food intake and body weight suppression in obese individuals when compared with mono-drug therapies or lifestyle modifications alone, these findings highlight the need for further examination of combined central nervous system GLP-1R and LepR signaling as a potential drug target for obesity treatment.
INTRODUCTION
Greater than 2/3 of US citizens are classified as obese or overweight. 1, 2 Clinical trials show that weight loss of X10% will substantially reduce the risk of overweight/obese individuals from developing other diseases that are obesity co-morbidities. 3 Unfortunately, it is clear that for the vast majority of the population, this degree of sustained weight loss cannot be achieved by diet and exercise alone or by the limited range of available single drug therapies. 3 --6 Therefore, recent focus is given to combination-based pharmacotherapies to enhance obesitytreatment efficacy; 3,7 --9 however, the specific pharmacological treatments and mechanisms of putative interaction between drugs that make one combination approach more effective than another remain unclear. Recent attention has focused on the incretin hormone glucagon-like-peptide-1 (GLP-1) and its receptor (GLP-1R) as a promising target for both type 2 diabetes mellitus and obesity treatment. Indeed, GLP-1R agonists reduce food intake in both humans and animal models; 10 --15 an effect dependent in part on direct GLP-1R signaling within the central nervous system (CNS) following peripheral ligand administration. 16, 17 This paper pursues the idea that more progress could be made in the treatment of obesity, if research identified other energy balance systems that interact with and enhance CNS GLP-1R-mediated intake inhibitory effects.
GLP-1R populations within the hindbrain stand out among other GLP-1R-expressing CNS nuclei as critical to food intake regulation. Using the chronic decerebrate rat model, 18 research has shown that processing within the caudal brainstem is sufficient to mediate the intake inhibitory effects produced by either peripheral-or hindbrain-delivery of a GLP-1R agonist. 13 More recently, we have shown that GLP-1R expressed specifically within the medial subnucleus of the nucleus tractus solitarius (mNTS), at the level of the area postrema, are critical to food intake regulation. 19, 20 It is interesting to note that neurons in this region of the mNTS also process: (1) vagally mediated satiation signals that arise from the gastrointestinal tract following ingestion of food, 21, 22 and (2) signals conveying longterm energy storage, such as the adiposetissue --derived hormone leptin. 23 --24 Therefore, it may be that GLP-1R signaling specific to the mNTS participates in the control of food intake by interacting with and enhancing the intake inhibitory effects of these other anorectic signals that require mNTS processing.
Previous research shows that leptin and GLP-1R signaling interact in food intake and body weight regulation, 25 --27 however the CNS nuclei mediating this interaction and the nature of the interaction (that is, additive, synergistic) within the CNS remains poorly understood. Here, using a range of dosing combinations we examine the intake inhibitory and body weight suppressive effects resulting from combined hindbrain administration of leptin and the GLP-1R agonist exendin-4. With most pharmacological treatments aimed at reducing food intake, as the dose of the drug increases, eventually a maximum intake suppressive response is achieved, such that increasing doses will not produce a further enhancement of the intake suppression produced by that drug; an effect commonly illustrated in logarithmic dose --response curves. If hindbrain leptin and GLP-1 receptor signaling reduce food intake in an additive manner, then a reasonable outcome following combined administration is that the maximum response achieved by a single drug alone (that is, leptin) can be further augmented when combined with the second drug (that is, exendin-4). To assess this possibility, we determined a dose of 4th intracerebroventricular (i.c.v.) leptin that produced the maximum intake suppressive response and subsequently examined whether food intake could be further suppressed beyond what is achievable by leptin alone when exendin-4 was co-administered. Finally, to determine whether the interaction between hindbrain leptin receptor (LepR) signaling and GLP-1R signaling is physiologically relevant to food-intake control, we examined whether hindbrain GLP-1R blockade by the selective antagonist exendin-(9-39) attenuates the intake inhibitory effects of 4th i.c.v. leptin. Collectively, the findings reported here show that hindbrain LepR and GLP-1R activation interact in at least an additive manner to control for food intake and body weight regulation.
MATERIALS AND METHODS Subjects
Adult male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA, USA) housed individually in hanging wire-bottom metal cages maintained on a 12 h light cycle (22:00 --10:00 hours)/12 h dark cycle (10:00 --22:00 hours), had ad libitum access to rodent chow (500I Rodent diet, Lab Diets, St Louis, MO, USA) and water. All rats were 9 --12 weeks of age at the start of testing. All protocols and procedures conformed to the institutional standards of the University of Pennsylvania Animal Care and Use Committee. ; Boehringer Ingelheim Vetmedica Inc., St Joseph, MO, USA) for surgeries. Guide cannulae (26 gauge, Plastics One Inc., Roanoke, VA, USA) were implanted with the tip stereotaxically positioned 2.0 mm above the fourth ventricle at the following coordinates: on midline, 2.5 mm anterior to occipital suture, 5.2 mm ventral from skull surface.
Intended anatomical positions of 4th i.c.v. injection sites were evaluated 1 week post surgery by measurement of the sympathoadrenal-mediated glycemic response to an injection of 5-thio-D-glucose (210 mg 4th i.c.v. or 24 mg unilateral mNTS injection). 28 A post-injection elevation in baseline plasma glucose level of at least 100% was required for subject inclusion using this verification criterion. . Pre-weighed food was returned immediately before dark onset at 1000 h. Subsequent food intake was recorded at 1, 3, 6 and 24 h (spillage accounted for) and body weight was recorded at 0 and 24 h. All the conditions were separated by 48 --72 h. The low doses of exendin-4 and leptin were chosen from refs 13, 19, 24, 29 and pilot data and were designed to be subthreshold for effect on food intake alone, whereas the higher doses for each were chosen from refs 29 --31 and were designed to provide significant suppression of intake alone, yet retain the ability to see enhanced suppression of intake at all time points.
Ability of hindbrain GLP-1 receptor activation to enhance the maximum intake suppressive effect of hindbrain leptin. To determine the maximum suppression of intake by hindbrain delivered leptin, a separate group of animals received counterbalanced 4th i.c.v. injections of extremely high doses of leptin (20, 30, 40 mg per 2 ml) or vehicle immediately before the dark onset. Food intake and body weight measurements occurred as described above.
Having established that the maximum intake suppression achieved by hindbrain-delivered leptin is B33% in non-obese rats and is achieved by a 20 mg dose of leptin (see Figure 3) , we next determined whether this maximum intake and body weight suppression could be further enhanced when leptin is combined with 4 th i.c.v. Ex-4. Counterbalanced 4th i.c.v. injections of Ex-4 (0.3 mg per 1 ml) or vehicle, followed by leptin (20 mg per 2 ml) or vehicle, as well as food intake and body weight measures were carried out as described above.
Examine the effects of blocking endogenous hindbrain GLP-1 receptor signaling on food intake suppression by hindbrain leptin. A separate group of rats received counterbalanced 4th i.c.v. injections of the GLP-1R antagonist exendin-(9-39) (Ex-9; 10 mg per 1 ml American Peptide) or vehicle followed 15 min later by a second 4th i.c.v. injection of leptin (8 mg per 1 ml) or vehicle. Food intake and body weight measurements occurred as described above. This 4th i.c.v. dose of Ex-9 has been previously shown to be without effect on food intake alone but sufficient to block the intake suppressive effects of other anorectic stimuli (for example, lipopolysaccharide and gastric distension). 20, 32 Data and statistical analysis All data are expressed as mean±s.e.m., and analyzed by two-way repeated measures analysis of variance (ANOVA), followed by Newman --Keuls posthoc tests when main effects or interactions were significant. All statistical analyses were performed using Statistica Software (Statsoft, Tulsa, OK, USA). Po0.05 was interpreted as a significant difference.
RESULTS
Hindbrain leptin and GLP-1 receptor activation additively suppress food intake Exendin-4 0. 05 mg þ leptin 0.4 mg. Administered alone, neither 4th i.c.v. leptin (0.4 mg) nor Ex-4 (0.05 mg) significantly affected food intake (n ¼ 11, BW ¼ 518.0 g±12.9 g at testing); however, when combined food intake was suppressed significantly at 24 h compared with vehicle/vehicle treatments ( Figure 1a , P-valueso0.05). Two-way repeated measures ANOVA revealed a significant main effect for Ex-4 at 24 h (F(1,8) ¼ 6.56; Po0.05). This low-dose drug combination produced a degree of intake suppression that was roughly equivalent to the predicted additive suppression, defined as the algebraic sum of intake suppression induced by leptin alone and Ex-4 alone relative to vehicle (the dashed horizontal line in Figure 1b) . Co-administration of Ex-4 (0.05 mg) and leptin (0.4 mg) did not significantly suppress 24 h body weight gain compared with vehicle/vehicle injections ( Figure 1c) . However, while not significantly different from the body weight gain following vehicle/vehicle injections, the suppression in body weight by the combination of Ex-4 and leptin was equivalent to the predicted additive suppression (Figure 1d ).
Exendin-4 0.1 mg þ leptin 3 mg. In a separate group of rats (n ¼ 8, BW ¼ 423.7 g.±9.0 g at testing), there were significant main effects at 3, 6, 24 h for leptin alone (Fs(1,7) 418.90; P-valueso0.01) and for Ex-4 alone (Fs(1,7) 45.28; P-values p 0.05). Post-hoc analysis revealed that administration of a higher dose of leptin (3 mg) or Ex-4 (0.1 mg) alone significantly reduced food intake at 3, 6 and 24 h (Figure 2a , P-valueso0.05) and produced a suppression in 24 h body weight gain (Figure 2c , P-valueso0.05). When combined, the drug combination produced a significantly greater suppression of food intake at 6 and 24 h and a greater degree of body weight loss than that observed by either drug alone (Figures 2a  and c, P-valueso0.05) . The magnitude of the 6 and 24 h food intake suppression and 24 h body weight suppression was roughly equivalent to the predicted additive suppression (Figures 2b and d) . Co-administration of leptin 3 mg and Ex-4 0.1 mg produced a significantly greater degree of intake suppression at 6 and 24 h (a), as well as greater degree of 24 h body weight loss (c) relative to each drug administered alone. The magnitude of 6 and 24 h intake suppression and 24 h body weight loss produced by the drug combination was equivalent to the predicted additive suppression (b, d, showed as dotted line). Bars with different letters are considered significantly different (Po0.05).
Hindbrain GLP-1 receptor activation augments the maximum intake suppressive effect of hindbrain leptin To determine the maximum intake suppressive response that can be achieved by 4th i.c.v. leptin, food intake and body weight were measured following three very high doses of leptin (20 mg, 30 mg and 40 mg). There was a significant main effect of leptin at 6 (F(1,7) ¼ 80.10; Po0.05) and 24 h (F(1,7) ¼ 361.95; Po0.01). Posthoc analysis revealed that each dose significantly reduced 6 and 24 h food intake (n ¼ 8, BW ¼ 455.0 g ± 8.6 g at testing), as well as 24 h body weight relative to vehicle (Figures 3a and b , P-valueso0.05). However, there was no significant difference in the magnitude of response between the doses. Therefore, we chose the 20 mg dose of leptin to be co-administered with Ex-4 (0.3 mg) in the next experiment.
Exendin-4 0.3 mg þ leptin 20 mg. There was a significant main effect at 6 and 24 h for both leptin alone (Fs(1,7) 48.68; P-valueso0.05) and Ex-4 alone (Fs(1,7) 423.10; P-valueso0.01).
Post-hoc analysis confirmed that when administered alone, leptin (20 mg) or Ex-4 (0.3 mg) significantly reduced 6 and 24 h food intake, as well as 24 h body weight. When combined leptin and Ex-4 yielded greater suppression of food intake at 6 and 24 h, as well as 24 h body weight loss compared with each drug alone (Figures 4a --d, P-valueso0.05) . Thus, the maximum intake and body weight suppression achieved by hindbrain leptin alone was augmented when combined with hindbrain GLP-1R activation.
Blockade of endogenous hindbrain GLP-1 receptor signaling attenuates the intake inhibitory effects of hindbrain leptin In separate rats (n ¼ 15, BW ¼ 368.8 g ± 8.1 g at testing), two-way repeated measures ANOVA revealed significant main effects for leptin at 3, 6 and 24 h (Fs(1,14) 46.25; P-valueso0.05), Ex-9 at 1 h (F(1,14) ¼ 7.68; Po0.05), and a significant interaction for leptin and Ex-9 at 3 h (F(1,14) ¼ 7.15; Po0.05). Post-hoc analysis revealed that 4th i.c.v. administration of leptin (8 mg) significantly inhibited 1, 3, 6 and 24 h food intake and decreased 24 h body weight ( Figures 5a and b, P-valueso0.05) . Blockade of hindbrain GLP-1R via the antagonist Ex-9 (10 mg; 4th i.c.v.) produced no effect on food intake. However, when administered in combination, Ex-9 attenuated the leptin-induced suppression of food intake at 1 and 3 h (Figure 5a , P-valueso0.05), as well as the 24 h body weight loss (Figure 5b , P-valueso0.05) produced by leptin.
DISCUSSION
Combination pharmacotherapies may well offer a better obesity treatment option for sustained food intake and body weight suppression than mono-drug therapies or lifestyle modifications alone.
3,7 --9 Long-acting GLP-1R agonists are being pursued as a potential treatment option for obesity, due in large part to the potent intake inhibitory effects produced by their administration. 12, 33, 34 Previous research shows that GLP-1R agonists, such as exendin-4, reduce food intake in part through direct activation of CNS GLP-1R. 16, 17 Within the CNS, the GLP-1Rs expressed in the NTS are critical for food intake regulation. 19, 20 Similarly, LepR signaling in the medial subnucleus of the NTS (mNTS at the level of the AP) is also involved in the normal control of energy balance. 23 The current experiments examined whether hindbrain LepR and GLP-1R signaling interact in the control of food intake and body weight. Results demonstrate that endogenous hindbrain GLP-1R signaling mediates, at least in part, the intake inhibitory effects of hindbrain LepR activation, as blockade of GLP-1R by the antagonist Ex-9 attenuated the short-term intake inhibitory effects produced by 4th i.c.v. leptin. Using a range of dosing combinations, results also show that when co-administered in the hindbrain, leptin and the GLP-1R agonist exendin-4 interact in at least an additive manner to suppress food intake and body weight. Most notably, we showed that the maximum intake inhibitory response produced by hindbrain leptin alone can be further enhanced when exendin-4 is co-administered. Collectively, results extend previous finding showing that leptin and GLP-1R activation interact in food intake control 25 --27,35 by demonstrating that: 1) this interaction is additive in nature and occurs in the hindbrain, presumably the mNTS; 2) the maximum intake inhibitory response produced by one of the systems can be further enhanced when the other system is also activated; 3) that endogenous hindbrain GLP-1R signaling mediates the intake inhibitory response of hindbrain leptin.
Support for the notion of synergy in the effects of two drugs has been operationalized in several ways. 35 --39 In most cases synergy is defined as an interaction that requires a response production beyond that achieved by: (1) either agent alone and (2) beyond the predicted additive response produced by the algebraic sum of the individual responses of each agent when administered alone. However, the simple arithmetical sum of responses to determine predicted additivity has been argued by many (for example, Roth et al., 35 Tallarida and Raffa, 36 Roth et al., 37 Berenbaum 38 and Bello et al. 39 ) to be insufficient when the attempt is to categorize an interaction between agents as synergistic. Thus, it is extremely difficult to demonstrate convincingly that two agents are, in fact, interacting in a synergistic manner. Here, however, we set out to examine a more conservative goal---whether: (1) two drugs/ hormonal systems interact, and (2) the nature of the interaction is additive (and not synergistic)---as indicated by an algebraic sum analysis. We showed that hindbrain leptin and exendin-4 are interacting in at least an additive manner to control for food intake and body weight. Previous reports have shown that antagonizing the GLP-1R in the CNS will attenuate an intake inhibitory response to leptin; 40 however, the site of action for this effect remained unidentified. Here, we established that these two systems interact endogenously to control food intake within the hindbrain, given that antagonism of one system in the hindbrain (GLP-1R blockade) reduced the magnitude of the food intake suppressive response produced by the second system/drug (hindbrain leptin administration). Thus, using conservative mathematical approaches, together with behavior pharmacological strategies, we conclude that leptin and GLP-1 receptor signaling in the hindbrain is interacting in energy balance regulation in at least an additive manner.
Although the use of 4th i.c.v. drug administration does confine our results to the hindbrain, it limits our ability to anatomically define the exact nucleus-site-of-action of the ligands delivered. Our previous data, 19 --20,23 --24 together with the confined localization of LepR in the mNTS, 23 --24 highlight the relevance of the mNTS as the most logical site for the interaction for leptin and GLP-1R ligands to interact in the control for food intake in body weight regulation following 4th i.c.v. delivery. However, we cannot conclude from these data whether the interaction is indeed occurring within mNTS neurons that expresses both the LepR and GLP-1R, nor can we conclude whether the additive interaction reported here for hindbrain leptin and exendin-4 involves multisynaptic communication. Although all rats used in these experiments were maintained on chow and fall within the normal body weight range for male Sprague Dawley rats, it is worth noting that the body weights of the rats used in these studies were not perfectly matched between experiments. Thus, we cannot conclude whether these differences in body weight influenced the magnitude of food intake and body weight suppression by Ex-4 and leptin; nor can we conclude what effects the combination of these drugs would have in an obese rat model. In addition, further analyses would be needed to determine whether this additive interaction between leptin and GLP-1R signaling is occurring at other energy balance relevant nuclei within the CNS.
Previous studies have attempted to characterize whether a synergistic or additive suppression of food intake and body weight results from combining leptin or GLP-1R agonists with (8 mg; 4th i.c.v.) significantly reduced 1, 3, 6 and 24 h food intake and 24 h body weight. GLP-1 receptor antagonist Ex-9 (10 mg; 4th i.c.v.) had no effect on food intake when administered alone. However, Ex-9 attenuated leptin induced intake suppression at 1 and 3 h, as well as 24 h body weight loss. Bars with different letters are considered significantly different (Po0.05).
agonists for other hormone systems. These studies show that in addition to GLP-1, leptin interacts with a number of within-meal satiation signals, including but not limited to amylin, 35, 41 cholecystokinin, 23, 42, 43 and gastric distension. 24, 44 It is interesting to note that the suppression of food intake by all of these satiation signals involves NTS processing. Whether NTS GLP-1R signaling has a role in the interaction between leptin and these aforementioned anorectic signals is unknown. Similarly, it is also not clear whether the interaction reported here for hindbrain LepR and GLP-1R signaling is occurring within the same NTS neuron. Nonetheless, it is clear that intake suppression produced by CNS LepR or GLP-1R activation involves similar intracellular signaling pathways, including the mitogen-activated protein kinase 19, 45 and adenosine monophosphate protein kinase. 23, 29, 46, 47 Thus, combined activation of common intracellular signaling pathways, putatively within the same NTS neuron, could allow for potentiation of intake suppression observed when GLP-1R and LepR are concomitantly activated. Such an effect may potentially make NTS neurons more sensitive to other satiation signals (for example, amylin, cholecystokinin, and gastric distension) whose intake suppression may also involve these same intracellular signaling pathways (see references 12, 48 --50 for review).
In summary, using various dosing combinations of leptin and the GLP-1R agonist exendin-4, results demonstrate that hindbrain GLP-1R and LepR signaling interact in control of food intake and body weight regulation in at least an additive manner. The finding that blockade of GLP-1R attenuated the intake inhibitory effects of hindbrain leptin, together with previous reports, 20, 23 suggests that this interaction may be physiologically relevant for the normal control of food intake. From a clinical perspective of developing combination pharmacotherapies aimed at treating obesity, it is noteworthy to find that a maximum response produced by one drug can be further enhanced when the second drug is combined. Current results demonstrated such a response for leptin and exendin-4, with the maximum intake inhibitory response produced by leptin alone being augmented when combined with exendin-4 in the hindbrain. Given that systemically administered long-acting GLP-1R agonists are penetrating into the brain 51 and having direct action on CNS GLP-1R 52 and that CNS LepR are required for energy balance regulation, 53 future research aimed at designing drugs that target both CNS GLP-1R and LepR in specific energy balance-relevant nuclei, such as the NTS, may prove advantageous in treating obesity.
